The IGF axis includes two homologous IGFs (IGF-I and IGF-II), at least six high-affinity IGF binding proteins (IGFBP-1, -2, -3, -4, -5, and -6), and two membrane-bound IGF receptors (IGFR1 and IGFR2) (1) . IGFs are produced by a wide variety of cells and are found in many biologic fluids (2) . IGF-I and IGF-II bind to and activate the IGFR1, an integral membrane tyrosine kinase that when activated triggers intracellular signaling pathways that promote cell division, differentiation, and metabolism (3) . Most of the IGF-I and IGF-II in the circulation and other biologic fluids exist in a complex with an IGFBP, which bind to IGFs with affinities 10-to 100-fold greater than the IGFR1, thereby regulating the bioactivity of IGFs by preventing their interaction with and activation of the receptor (4) .
IGF-I is recognized as a potent neurotrophic factor because of its ability to promote the proliferation, migration, and differentiation of immature glial and neuronal cells (reviewed in Ref. 5 ). In addition, IGF-I can protect neurons from undergoing apoptotic cell death as a result of a variety of insults (6 -8) . An important role for IGF-I during CNS development has been revealed by studies in which IGF-I expression in the CNS has been increased or eliminated or where IGF-I bioactivity has been blunted by the overexpression of IGFBPs (9) . For example, transgenic mice engineered to overexpress IGF-I in the brain exhibit overgrowth of this tissue (10) , increased numbers of neurons and synapses (11) (12) (13) (14) , and increased myelin content (10) . In contrast, elimination of IGF-I expression or reduction of IGF-I bioactivity by overexpression of an IGFBP, such as IGFBP-1, can result in reduced brain growth (15, 16) and reduced numbers of neurons and glia (12, (17) (18) (19) .
Several studies have reported alterations in IGF-I or IGFBP levels in cerebrospinal fluid (CSF) from patients with various neurologic disorders (20 -22) ; however, no studies to date have reported an association between IGF-I expression in the human CNS with the period of rapid myelination, synaptic organization, and brain growth that is observed during the first few months after birth. Herein, we report our results from a study that examined IGF-I and IGF-II expression in the CSF that was obtained from humans who ranged in age from newborn to 18 y. In addition, we analyze the expression level of IGFBP-1 and IGFBP-3 in these individuals. We find that IGF-I, IGFBP-1, and IGFBP-3 levels are highest in CSF from individuals who are younger than 6 mo when compared with children who are 6 mo or older, whereas IGF-II concentrations follow the opposite pattern, being higher in the older group. Furthermore, the concentrations of IGF-I, IGF-II, IGFBP-1, and IGFBP-3 do not vary when compared according to sex or race. The potential relevance of these findings in the context of human CNS development is discussed.
METHODS
Sample collection. CSF samples (n ϭ 600) were obtained from children (Յ18 y of age) who had undergone a routine spinal tap for diagnostic purposes by the inpatient and outpatient services provided at The Children's Hospital of Alabama (Birmingham, AL). Sample collection was approved by the Institutional Review Board at the University of Alabama at Birmingham. Common reasons for performing spinal taps in these children included possible shunt malfunctions, fever, vomiting, headache, seizures, and cancer. All CSF samples were analyzed for the following parameters: total protein, glucose, cell count and differential, and culture as performed in the clinical laboratories of The Children's Hospital of Alabama (Table 1 ). Only sterile samples that displayed values within established normal ranges for all parameters monitored were used in the analyses (negative Gram's stain, negative culture, absolute white blood cell Յ10/mm 3 , protein Ͻ150 mg/dL for infants and Ͻ50 mg/dL for children, and glucose 50 -100% of normal serum values; Table 1 ). Collected CSF samples that did not satisfy these criteria were excluded from this study. A total of 148 normal CSF samples from children who were Ͻ6 mo of age and 126 normal CSF samples from children who were Ͼ6 mo of age were used for the various analyses.
ELISAs. IGFBP-1 and IGFBP-3 were measured in CSF samples using kits DSL-10-7800 and DSL-10-6600, respectively, provided by Diagnostic Systems Laboratories (Webster, TX). All measurements were performed in duplicate according to the manufacturer's recommended protocol. IGF-I and IGF-II were measured in duplicate in hydrochloric acid-ethanol extracted CSF samples using kits DSL-10-5600 and DSL-10-2600, respectively, according to the manufacturer's recommended protocol. Average intra-assay coefficients of variation for each assay were 16% for IGFBP-1, 9% for IGFBP-3, 19% for IGF-I, and 17% for IGF-II. Because of limited quantities of certain CSF samples, not all analytes could be determined for every sample.
Statistics. Mean IGF-I, IGF-II, IGFBP-1, and IGFBP-3 concentrations were calculated and compared for different age groups, races, and sexes. The t test was used to determine the significance of differences in mean concentrations between groups stratified according to age, race, and sex. Two-tailed p values and corresponding 95% confidence intervals were reported. Pearson correlation analysis was used to detect significant correlations (coefficients) between protein concentration of CSF versus age, IGF-I, IGFBP-I, and IGFBP-3. SAS version 8.2 and SPSS version 10.1 were used for data management and statistical analysis.
RESULTS
CSF samples that were obtained from diagnostic spinal puncture were used in this study. Only sterile samples that displayed normal values for protein, glucose, and cellular profiles were used for subsequent analyses (Table 1) . Three variables (age, sex, and race) were considered as possible contributors to differences in IGF-I, IGF-II, IGFBP-1, and IGFBP-3 concentration in CSF, as these parameters have been shown to variably have an impact on the IGF axis in human serum. CSF from younger children was noted to contain, on average, a higher white blood cell count (p Ͻ 0.001), lower glucose concentration (p Ͻ 0.001), and higher protein concentration (p Ͻ 0.001) versus older children (Table 1) .
Significantly higher concentrations of IGF-I were noted in CSF from children who were younger than 6 mo (10.8 Ϯ 0.6 ng/mL) versus that in children who were 6 mo and older (6.9 Ϯ 0.6 ng/mL; p Ͻ 0.001; Fig. 1) . Similarly, IGFBP-1 and IGFBP-3 were higher in CSF samples from children who were younger than 6 mo compared with older children [2.3 Ϯ 0.1 ng/mL versus 1.5 Ϯ 0.1 ng/mL (p Ͻ 0.001) for IGFBP-1 and 15.1 Ϯ 0.7 ng/mL versus 9.4 Ϯ 0.6 ng/mL (p Ͻ 0.001) for IGFBP-3; Fig. 1 ]. In contrast, the concentration of IGF-II was higher in children who were 6 mo or older versus younger children (20.2 Ϯ 2.3 ng/mL versus 12.6 Ϯ 1.3 ng/mL; p Ͻ 0.01). When data were stratified according to sex or race, no significant differences were observed in any of the measured parameters (Figs. 2 and 3, respectively) .
We found that the protein concentration of CSF was negatively correlated with the age of the patient (Pearson correlation coefficient ϭ Ϫ0.306, p Ͻ 0.001), consistent with previous observations (23) . In addition, IGF-I, IGFBP-1, and IGFBP-3 were positively correlated with the protein concentration of the CSF [Pearson correlation coefficients ϭ 0.479 (p Ͻ 0.001), 0.242 (p Ͻ 0.001), and 0.527 (p Ͻ 0.001), respectively], raising the possibility that the increased permeability of the blood-brain barrier in young children may be responsible in part for the observed increases in IGF-I, IGFBP-1, and IGFBP-3 in the CSF of children who are younger than 6 mo.
DISCUSSION
Although IGF-I is universally accepted as a potent neurotrophic agent in the developing nervous system in animal models, previous studies have not assessed changes in IGF or IGFBP levels during the rapid CNS development that occurs during the first few postnatal months in the human. In contrast, All measurements are shown as mean Ϯ SD (n). * p Ͻ 0.001 vs Ͻ 6 mo.
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reduced IGF-I concentration in the CSF has been reported in multiple diseases that affect the human CNS, such as infantile neuronal ceroid lipofuscinosis (20) ; progressive encephalopathy, hypsarrhythmia, and optic atrophy syndrome (21); and autism (22) . Deletion of IGF-I or partial deletions or mutations within the human IGF-I receptor gene that either reduce the number of IGF-I receptors on the cell surface or reduce the receptor affinity for IGF-I have been described. Patients who possess such mutations show various deficiencies in neurologic function in addition to profoundly impaired growth (24, 25) . Herein, we have shown that the concentrations of IGF-I and two IGFBPs in normal human CSF are highest during the first year of life, which is the most active period of postnatal brain growth (26) . This finding lends further support that IGF-I and its regulatory proteins, IGFBPs, likely play an important role in early brain development in humans.
Our estimate of IGF-I concentration in normal CSF is slightly higher than previously reported (27-29), whereas the levels of IGF-II and IGFBP-3 that we detected in normal CSF are similar to previous studies (28, 29) . Moreover, whereas others have shown that IGF-II occurs in excess over IGF-I in CSF (28,30), we found that the concentration of IGF-I and IGF-II is similar in CSF from children who are younger than 6 mo. Indeed, we found the concentration of IGF-II to be higher in older children compared with those who were younger than 6 mo. This finding is of interest because in rodent models, there is strong evidence to support that IGF-I has a predominant role over IGF-II in early CNS development (31) . For instance, transgenic mice engineered to overexpress IGF-I in the brain exhibit overgrowth of this tissue (10), increased numbers of neurons and synapses (11) (12) (13) (14) , and increased myelin content (10) . In contrast, elimination of IGF-I expression results in significant reduction in brain mass by 2 mo of age; mice expressing no IGF (IGF-1
Ϫ/Ϫ ) demonstrate brain weights 33% lower than those of wild-type mice controls (16) and defects in neurologic development (19) . A presumed reduction of IGF-I bioactivity through the overexpression of IGFBP-1 results in reduced brain growth (32) . However, in our analyses, we show that IGFBP-1 in human CSF is increased in the early months of life, suggesting that it may not normally impair IGF-I action but might function as a reservoir for IGF-I or could assist in the transport of IGFs within the CNS. We also demonstrate that IGFBP-3 is present at higher concentrations in the CNS of children who are younger than 6 mo, suggesting a similar role for this IGFBP. The exact roles of IGFBPs in CNS development have not been well established at this time. Transgenic mice overproducing IGFBP-2, -3, -4, -5, and -6 have been studied in this regard: IGFBP-2 transgenic mice show only a modest reduction in brain weight at 5 wk of age (33) ; no change in brain size has been measured in IGFBP-3 transgenic mice compared with controls (34); IGFBP-6 overexpression targeted to neuronal tissues shows minimal effects in the choroid plexus, hypothalamus, or cortex, yet cerebellum size and weight are reduced by~25 and 35%, respectively (35) ; and, finally, the overproduction of IGFBP-5 in mice early in development actually results in enhanced brain weights, concentrations were determined in CSF that was obtained from children who ranged in age from 1 wk to 18 y. Data from children who were younger than 6 mo were pooled and compared with data from children who were 6 mo and older. Error bars indicate the 95% confidence interval surrounding the mean value for each age group. The concentration of IGF-I, IGFBP-1, and IGFBP-3 was greater in children who were younger than 6 mo vs children who were 6 mo and older (p Ͻ 0.001), whereas IGF-II showed the opposite relationship (p Ͻ 0.01). concentrations were determined in CSF that was obtained from children who ranged in age from 1 w to 18 y. Data were combined on the basis of the race of the patients. Error bars indicate the 95% confidence interval surrounding the mean value for each group. No significant differences in any of the measured parameters was noted between black and white patients (p Ͼ 0.05).
EARLY CHANGES IN THE IGF AXIS OF CSF
whereas other organ sizes are reduced, suggesting that this IGFBP may have differential effects on modulating IGF activity in neuronal tissues (36) . Together, these data support that IGFBPs may have an impact in various ways on IGF activity in the developing CNS.
The origin of IGFs and IGFBPs in the CSF is a matter of some debate, with some studies reporting that IGF-I can cross the blood-brain barrier in rats (37) , raising the possibility that IGF-I in the CSF could be derived from peripheral sources such as serum, whereas several studies have clearly shown that components of the IGF axis are synthesized in the CNS (reviewed in Ref. 5 ). In the peripheral circulation, the major source of IGF-I and IGFBP-3 is the liver, where their synthesis is regulated mainly by growth hormone, whereas the production of IGFBP-1 is inversely related to circulating insulin levels. Elevated GH concentrations observed in the CSF of pubertal children compared with younger children (29, 38) evidently does not correlate with higher CSF IGF-I concentrations in this age group. It is interesting that Heinze et al. (29) showed that GH in the CSF was higher in the perinatal period and declined to baseline values after age 1 y, before rising to peak levels during puberty. Therefore, high GH concentration in the brains of children who are younger than 6 mo might explain the high IGF-I and IGFBP-3 values reported herein, if indeed their transcription is under the regulation of GH in neuronal tissues. The total protein concentration in CSF is twice as high in full-term neonates than in adults, despite lower plasma protein concentration in neonates compared with adults, indicating that the choroid plexus is significantly more permeable in the newborn period (23); therefore, another potential explanation for our observations is that high concentrations of IGF-I in the CSF may simply reflect greater permeability of the blood-brain barrier, which is supported by the fact that IGF-I and CSF total protein are highly correlated. In contrast, serum concentrations of IGF-I and IGFBP-3 increasẽ 6-and 2-fold, respectively, from birth until maximal levels are achieved during puberty (39) , supporting the concept that as the blood-brain barrier matures, a steeper gradient for IGF-I and IGFBP-3 is achieved. Another possibility of how IGFs might be transported into the CSF in a more specific manner is based on the findings that IGFBPs are produced and localized in the choroid plexus (37, 40, 41) and that IGF uptake into the CSF from the circulation is saturable (42) . It has been speculated that the presence of IGFBPs in the choroid plexus allows for facilitated transport of IGFs across the blood-brain barrier and into the CNS. However, mutations within IGF-I that greatly reduce its affinity for IGFBPs or IGF1R have no appreciable effect on transport across the blood-brain barrier (42) , suggesting that interaction with IGFBPs or IGF1R may not be a prerequisite for passage of circulating IGF-I into the CSF. Regardless of the mechanism, a high concentration of IGF-I and IGFBPs in the CSF during the first few months of life in the human may help to regulate and promote the vigorous synaptic rearrangement and myelination that occurs during this critical window in CNS development in humans.
